ABSTRACT. The percomorph fish family Lutjanidae (snappers and fusiliers) includes about 135 reefdwelling species, mainly confined to tropical and subtropical marine waters. The great majority of snappers are active predators feeding on fishes or crustaceans, even though some species, including the fusiliers (Caesioninae), have evolved zooplanktivory. Lutjanids show a great diversity of habitat preferences, based on depth segregation and distribution across reef and associated habitats (e.g., mangroves, seagrass beds, estuaries). In spite of their great ecological and economic importance little is known about the tempo of evolution in this group. The present study provides the most comprehensive molecular phylogeny to date for lutjanids, including 70% of extant species and 19 of the 21 currently described genera. We time-calibrated our molecular tree using the oldest described lutjanid fossils, and show how this group most likely originated during the Late Cretaceous or Early Paleocene. Lutjanids experienced a significant radiation during the Late Eocene and Early Oligocene, in contrast to a pattern of Late Oligocene/Miocene radiation observed in many other reef-associated groups. The time-tree allows us to investigate the tempo of diversification, and our results suggest a variation in the rate of speciation during the evolution of the major clade formed by "lutjanins and caesionins". Variation in diet and life history strategies could explain this clade-specific dynamic, although future phylogenetic comparative studies combining additional ecological and morphological data are needed to test this hypothesis.
The family Lutjanidae is composed of 21 genera distributed into five subfamilies: Apsilinae, Etelinae, Paradicichthyinae, Lutjaninae and Caesioninae (Table 1 - Johnson 1993; miller & cribb 2007) . With 71 known species, the genus Lutjanus includes most of the taxonomic diversity of the family (iwatsuki et al. 2015; Froese & Pauly 2016) . Snappers are active predators, with most species feeding on fishes or large crustaceans using their powerful caniniform teeth (allen 1985) . Both the fusiliers, a lineage of open-water dwellers, as well as several additional snappers with a relatively slender, fusiform body shape and a forked caudal fin (e.g., Ocyurus, Paracaesio, Pristipomoides, Rhomboplites) have, however, evolved a zooplanktivorous diet (allen 1985) .
There is a strong variation of habitat preferences among lutjanids. Indeed, most species live in shallow waters less than 100 m deep (e.g., Aprion, Lutjanus, Symphorichthys and Symphorus), while others, such as Paracaesio, are found at intermediate depth (100-200 m) , and the species of the genera Etelis and Aphareus live in waters up to 500 m below the surface (newman & williams 1996) . Numerous species of Lutjanus experience ontogenetic habitat shifts, and some are mangrove-or estuarine-dependent for the completion of their juvenile phase (e.g., nagelkerken et al. 2000; aburto-oroPeza et al. 2009 ). During growth these species of Lutjanus show an ontogenetic shift from mangroves and estuaries to deeper, offshore coral reef environments. However some species, such as Lutjanus griseus (Linnaeus, 1758) , may also occur in estuarine mangroves when adults (nagelkerken et al. 2000) .
Taxon
Genus N TOTAL N Apsilinae (12) TABLE 1 Taxonomic diversity of Lutjanidae. The total number of species (data obtained from iwatsuki et Froese & Pauly 2016; eschmeyer et al. 2016 ) and the number of species included in our time-calibrated phylogeny (N) are provided. Numbers in brackets refer to the total number of species included in each subfamily.
In spite of the ecological and economic importance of this group, we currently do not have a denselysampled phylogeny for this clade. All studies published to date include only a handful of lutjanid species, often from geographically restricted regions or from restricted clades (sarver et al. 1996; zhou et al. 2004; zhu et al. 2006; gold et al. 2015; wakeField et al. 2016; andrews et al. 2016) . For example, miller & cribb (2007) investigated the relationships among 27 species of Indo-Western Pacific (IWP) snappers while the studies of gold et al. (2011) included 20 species, 13 of which originated from the Western Atlantic or Eastern Pacific. The most extensive molecular phylogeny of snappers published to date only includes 43 species, representing around 32% of the extant diversity of the family (chu et al. 2013) . Moreover, none of these studies took advantage of the fossil record of lutjanids to produce a timescale of snapper evolution. Only gold et al. (2011) used a strict clock approach and a fixed rate of molecular evolution inferred from studies of previous groups to produce a time-tree for the lutjanid subclade of their study. In addition to the absence of a large-scale phylogenetic hypothesis of lutjanid intra-relationships, we are also lacking a macroevolutionary study looking at the tempo of evolutionary diversification of this group.
In the present study, we used a supermatrix approach to assemble a dataset containing four loci for 94 species of lutjanids (i.e., 70% of the extant diversity). Our molecular phylogeny was then timecalibrated using the oldest described lutjanid fossils and used as a framework to explore the tempo of lineage diversification.
Materials and Methods

Data acquisition and sampling
Our molecular data set includes 94 species of Lutjanidae representing 19 of the 21 currently described genera (Tables 1, S1 ), with only the two monotypic genera Lipocheilus and Parapristipomoides missing. We used the PhyLoTa browser version 1.5 (sanderson et al. 2008 ) to obtain sequences for four loci that had the highest number of sequences available for lutjanids: the nuclear Rag1 and the mitochondrial cox1, Cytb, and 16s (Table S1 ). As the current version of PhyLoTa is based on release 194 of GenBank (from February 15, 2013), we added more recent sequences for the species in our sampling directly from GenBank.
It is not currently known with certainty which percomorph lineage is the sister group of the lutjanids. Most recent studies investigating teleost fish deep level relationships suggest the existence of a group formed by Lutjanidae, Haemulidae (grunts) and Malacanthidae (tilefishes) (betancur-r et al. 2013; near et al. 2013; rabosky et al. 2013) . We thus selected as outgroups two species of Haemulidae, the group that most frequently appears as the sister taxon to lutjanids (betancur-r et al. 2013; near et al. 2013; rabosky et al. 2013) .
Phylogenetic analyses
We used the MUSCLE aligner (edgar 2004) available in MEGA 6 (tamura et al. 2013) to align the individual gene datasets using the default setting, and then visually inspected the alignments to ensure that these would be biologically accurate. We trimmed the 3' and 5' ends of the alignments in order to minimize the amount of missing data, and concatenated the four loci using Mesquite 3.01 (maddison & maddison 2015) . Our final data matrix consisted of 1371 base pairs (bp) for Rag1, 600 bp for 16s, 651 bp for cox1, and 954 bp for Cytb, for a total of 3576 nucleotides. We used PartitionFinder v1.1.1 (lanFear et al. 2012) to identify the optimal set of partitions of the data and select the best fitting models of sequence evolution for each of these from the pool of models implemented in BEAST 1.8 (drummond & rambaut 2007) using Bayes factor scores (BIC). We did not include models that have both the gamma parameter and the proportion of invariant sites parameter, as this last parameter is already accounted for by the gamma (yang 2006). The partitions and selected models are listed in has not yet been supported by a comparative morphological phylogenetic study and some of these fossils may lack synapomorphies of extant lutjanids identified by Johnson (1980) (G. Carnevale, pers. comm.) . For the purpose of our analysis we treat these fossils as stem lutjanids, providing an age of 50 Ma for the soft upper boundary on this calibration. We also assigned a prior to the root of our tree. As there are no fossils that can convincingly date the split between lutjanids and haemulids, we used a normal distribution with a mean age of 67 Ma and an SD of 10 Ma. This choice produces a 95% probability that lutjanids and haemulids separated between 50 Ma, age of the putative stem lutjanids from Bolca, and 83.5 Ma, age of the Calcari di Melissano Formation from Nardò (Italy), which contains several records of fossil percomorphs (see supplementary material in chen et al. 2014 for justification of the age).
All partitions were assigned the same model selected by PartitionFinder (lanFear et al. 2012) , and a birth-death prior with incomplete sampling was assigned to the rates of cladogenesis. We ran four sets of analyses with 50 million generations each, and sampling every 10000 generations. We used Tracer 1.6 (drummond & rambaut 2007) to inspect the chains for convergence, which we interpreted to have 
Lineage diversification
We explored the tempo of lineage diversification by computing the gamma (γ) statistic, which indicates the extent to which a phylogeny differs from branching events expected under a constant-rate process.
A negative γ value indicates that the internal nodes of the tree are closer to the root, supporting a model of early diversification. We then assessed the significance of γ statistic using the Monte Carlo constant rates (MCCR) test of Pybus & harvey (2000), which accounts for incomplete taxon sampling. We also assessed the fit of four models of clade accumulation to the branching times in our phylogeny. We compared two constant rate models (Yule and birth-death) to two density-dependent speciation rate models, predicting slowdowns in the tempo of diversification [density-dependent exponential (DDX) and density-dependent logistic ( 
Results
Phylogenetic analyses and divergence time estimates
The topologies of the Bayesian analyses confirm the non-monophyly of lutjanids without the inclusion of the caesionins, a result already shown by previous molecular studies (miller & cribb 2007) . A number of highly supported clades are identified, even though some of the deeper nodes of the tree have poor posterior probability (PP) support, and some polytomies appear toward the more recent part of the phylogeny (Fig. 1) . Several of the traditional genera, including Lutjanus (the richest genus in terms of species number; (Fig. 1 ) includes several lineages that form the bulk of the diversity within Lutjanus, and among which the relationships are relatively unresolved. One of these subclades also includes the last two remaining genera within our sampling: Ocyurus and Rhomboplites.
The topologies produced by the Beast analyses closely match those of the MrBayes analyses, although they provide increased resolution towards the youngest nodes of the tree. In the analyses (Fig. 2) 
Lineage diversification
The MCCR test finds some evidence for a slowdown in the diversification rate during the evolution of Lutjanidae but this result is not significant (γ = -2.72, P = 0.16). The comparison of the fit of the diversification models fails to find strong support for constant rate models over diversity-dependent ones, and a pure birth model of diversification cannot be rejected (Table 3) .
Lutjaninae and Caesioninae form a clade (Figs 1-2) including most of the taxonomic diversity of Lutjanidae (N = 101 species, i.e., 75% of the family). Thus, we have repeated the comparative analyses on this major clade. We find evidence for a slowdown in the diversification rate during the evolution of this clade (γ = -2.35, P = 0.04), a result confirmed by visual inspection of the lineage-through-time plot (Fig. 3) . Accordingly, the two density-dependent models (DDL and DDX) are the best-supported models and together account for 93% of the Akaike weight (Table 3 ). This result from models fitting suggests that high rates of lineage diversification occurred during the early history of the "lutjanins & caesionins" clade, followed by a subsequent slowdown in diversification rate. 
Discussion
Phylogeny, fossil record and timescale of lutjanids
Our phylogenetic study based on the analysis of ~3.6 kb of mitochondrial and nuclear DNA sequences provides (1) the first densely-sampled molecular tree of snappers and allies, and (2) the first timescale for the entire group based on fossil lutjanid calibration points. Our analyses infer results that are congruent with the previous -and more limited -studies in showing that zooplanktivorous caesionins originated within the subfamily Lutjaninae, a group known to include species that mostly feed on fishes or benthic crustaceans (miller & cribb 2007) . We also corroborate earlier findings that the most species-rich genus, Lutjanus, is not monophyletic (miller & cribb 2007; gold et al. 2011 ). Our phylogenetic study shows that several additional genera (e.g., Pristipomoides, Pinjalo, Caesio, Pterocaesio) are in need of revision due to their non-monophyly. Unfortunately the fossil record of the lutjanids remains relatively understudied, when compared to that of several other reef-associated groups that are abundant in the Bolca deposits (e.g. (Johnson 1980) within these fossils currently prevents us from knowing with certainty whether they are all stem lineages or if some of them might fall within the crown snapper clade. This fact may have some important implications for the molecular dating. The oldest fossil that can currently be assigned with certainty to the crown lutjanids is the Late Eocene Hypsocephalus atlanticus from Florida, found in deposits that are about 16 Ma younger than Bolca (swiFt & Ellwood 1972) . The molecular timescale that we infer when the fossil of Hypsocephalus is used to provide a minimum age for the clade "Lutjanus" suggests an Early Paleogene origin of the snappers and allies, and of their radiation (~ 62 stem age, ~ 54 Ma crown age). These ages are in fairly good agreement with the Early Eocene estimates for the split between lutjanids and haemulids recovered by large-scale teleost dating analyses (betancur-r. et al. 2013; near et al. 2013) .
It is clear that crown lutjanids had originated by the Middle Eocene, and had already undergone a significant diversification during the Late Eocene and Early Oligocene period. Our results show that a large fraction of the extant lineages originated during this interval. Thus, snappers do not appear to have experienced the same extent of Late Oligocene/Early Miocene radiations that were identified in other reef-associated groups, such as pufferfishes, triggerfishes and allies (alFaro et al. 2007; dornburg et al. 2011; santini et al. 2013a , 2013b , butterflyfishes (cowman & bellwood 2011) and parrotfishes (alFaro et al. 2009; kazancioglu et al. 2009; cowman & bellwood 2011) .
Diversification of lutjanids
A Yule model with constant rate of speciation may explain the tempo of diversification across the family. However the gamma statistic, the MCCR test and the comparison of lineage diversification models support a slowdown in the diversification rate across the "lutjanins + caesionins" clade (Fig. 3) . A shift to accelerated rates of evolution during the early radiation of this major group could explain this cladespecific dynamic. 
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The "lutjanins + caesionins" clade includes 75% of the extant diversity of Lutjanidae and groups most of the lutjanids living in shallow waters and reef-associated habitats (newman & williams 1996) . As the great majority of studies of modern reef fish families did not recover a signal of slowdown in diversification rate from time-calibrated molecular phylogenies (e.g., cowman & bellwood 2011; dornburg et al. 2011; Frédérich et al. 2013; but see seabreams and porgies -santini et al. 2014) , there seems to be evidence that the evolutionary history of this lutjanid subclade may show a different dynamic to that of other coral reef fish groups. While the data presently available do not allow us to more thoroughly test this, we hypothesize that lineages of Lutjanus and other closely related genera may have avoided the pattern of severe Oligocene extinctions that probably affected other reef-associated groups (cowman & bellwood 2011; bellwood et al. 2016) . Such extinction avoidance may be due either to some aspects of their ecology or because they were able to occupy some kind of refugia, such as estuarine and brackish areas that many extant species of Lutjanus are known to inhabit, at least at the juvenile stage (nagelkerken et al. 2000 ).
An early divergence among macrohabitat specialists could explain the ecological radiation in Lutjanidae, as already suggested for parrotfishes by streelman et al. living in the clear blue water of the outer reefs differ from their relatives living in "green" and turbid inshore waters (lythgoe et al. 1994) . Directional selection on visual systems could thus have driven an early divergence of macrohabitats in the species of Lutjanus, a hypothesis that would clearly require future testing. (newman, 1995) while the great majority of the species of Lutjanus from clade C frequently complete their juvenile phase in estuaries, mangroves or seagrass beds (lythgoe et al. 1994; newman & williams 1996; nagelkerken et al. 2000; martinez-andrade 2003; monteiro, et al. 2009; Pimentel & Joyeux 2010) . This observation suggests a shift to mangrove-, seagrass bedand estuarine-dependence for the clade C of Lutjanus, although this assumption certainly needs further investigations. The turbid waters of these three types of habitats provide a great abundance of food for fishes, and decrease the foraging efficiency of predators (nagelkerken et al. 2000) . Such ecological factors may boost the fitness of fishes adapted to these environments, such as some species of Lutjanus, and ultimately may explain their evolutionary success. The ontogenetic habitat shift observed in Lutjanus is also usually associated with diet shifts (cocheret de la morinère et al. 2003; berkström et al. 2013) . The relation between habitat and diet shifts could vary among species (berkström et al. 2013) , reducing competition and allowing coexistence of close relatives.
In addition to habitat partitioning and variation in life history strategies, trophic strategies vary among subclades. Most lutjanids feed on fishes and crabs (allen 1985) but the trophic shift to zooplanktivory observed in Caesioninae could also be responsible for promoting lineage diversification (lobato et al. 2014) . Finally, other factors could sustain speciation. A large body of marine biogeographic literature strongly suggests that allopatric speciation events have certainly had an important role in driving diversification in many reef-associated fishes (santini & winterbottom 2002; briggs & bowen 2012; litsios et al. 2014) , and there is no reason to think that snappers were not affected by this phenomenon.
Conclusions
We provide the first densely-sampled molecular phylogeny of Lutjanidae. Our new tree corroborates some of the findings of earlier studies. The caesionins are nested within the lutjanins, suggesting that zooplanktivory evolved from ancestors that had a piscivorous or crustacean-based diet. Several traditional genera, such as the speciose Lutjanus that includes over half of the species of snappers, are non-monophyletic. Our time-tree shows that lutjanids most likely separated from their sister group (haemulids) during the Late Cretaceous to Early Paleocene, and subsequently split into two clades during the Paleocene/Early Eocene. Lutjanids experienced significant radiation during the Late Eocene and Early Oligocene, in contrast to a pattern of mostly Late Oligocene/Miocene radiation observed in many other reef-associated groups. Comparative methods indicate a constant rate of speciation across the family but we found some evidence of a variation in the tempo of cladogenesis during the evolution of the major clade "lutjanins and caesionins". We argue that lutjanids may have experienced an early ecological radiation due to habitat partitioning. Differences in diet and life history strategies have also probably influenced the diversification of the largest clade, formed by lutjanins and caesionins. However additional research combining ecological and morphological data, as well as phylogenetic comparative methods, is clearly needed to test these hypotheses.
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